Abstract: There is considerable interest in the interrogation of biological tissue at terahertz (THz) frequencies, largely due to the contrast in the optical properties of different biological tissues which occur in this electro-magnetic radiation band. Of particular interest are THz biomedical images, which have the potential to highlight different information than those acquired in other frequency bands, thereby providing an augmented picture of biological structures. In this work, we demonstrate the feasibility of an interferometric biological imaging technique using a THz quantum cascade laser (QCL) operating at 2.59 THz to perform coherent imaging of porcine tissue samples. 
Introduction
Characterisation of biological materials in the terahertz (THz) frequency range has attracted considerable interest, largely due to the contrast in the optical properties of different biological tissues that is known to exist in this electro-magnetic radiation band [1] [2] [3] [4] . These differing THz properties offer a new means of understanding the structure and function of specialised tissue, as well as the potential for discriminating normal from pathological material [5] [6] [7] . Of particular interest are THz biomedical images, which have the potential to highlight different information than those acquired at other frequencies, thereby providing an augmented picture of biological structures [8] . One important class of these THz images are functional images of relative water saturation, made possible due to the strong absorption of THz radiation by liquid water [9] . Consequently, skin, particularly in vivo, is one target tissue of interest for these imaging techniques, since this strong attentuation of THz radiation by water effectively ensures little or no reflected radiation from tissue structures deeper than the dermis. The possibility of discriminating between tissue types and pathology in superficial skin has wide-ranging clinical implications although clinical up-take is ultimately limited by the complexity and cost of the interrogation system used.
Imaging of biological tissues at THz frequencies has conventionally been undertaken using THz pulsed imaging (TPI) [4-7, 10, 11] . These systems are inherently broadband, and are typically effective up to ∼2 THz [12] . Simplifications of the sensing system with improvements in signal-to-noise ratio (SNR) are desirable, particularly above ∼2 THz, as is a compact, robust architecture. Recently, quantum cascade lasers (QCLs) have emerged as the stable, high-power source of choice in the laboratory for radiation between ∼1 to 5 THz [13] , with output powers greater than 1 Watt having been demonstrated in pulsed operation [14] . Incoherent imaging of biological tissues using QCLs has previously been demonstrated [15, 16] . However, these demonstrations used a transmission geometry (or double-pass transmission in the case of [15] ), which is not applicable to in vivo studies.
In [17] , we introduced a novel imaging and materials analysis scheme in the THz band that exploits the interferometric nature of optical feedback in a THz QCL to employ it as a homodyning transceiver. This results in a highly sensitive and compact scheme capable of probing coherently the radiation reflected from remote targets.In this paper, we apply our scheme to the reflection-mode imaging of excised porcine tissue (commonly used as an animal model for human tissue [18] [19] [20] ), and produce high-contrast THz images through two different reductions of the information-rich interferometric signals -one containing predominantly amplitude information and the other predominantly containing phase information. In these images, clear contrast between different tissue types is observed (as is expected from previous THz characterisation of tissue [3, 20, 21] ), corresponding to differing interferometric signal morphology. Additionally, there are distinct features observable in the en face images that are not apparent in the visible. Moreover, when different tissue types are plotted in amplitude-phase space, they form distinct clusters. This clustering of tissue signatures hints at the possibility for classification of skin tissue types based on their interferometric THz signals. Through experiment, we establish that the practically useful penetration depth of our QCL beam is over 100 µm in the reflection mode, which is consistent with other THz frequency techniques [22] . This work represents the first demonstration of coherent imaging of biological materials using a THz QCL source and points the way to non-invasive in vivo imaging in the THz. Figure 1 shows the schematic diagram of the experimental setup. The THz QCL (operating at 2.59 THz) consisted of a 11.6 µm-thick GaAs/AlGaAs bound-to-continuum active-region that was processed into a semi-insulating surface-plasmon ridge waveguide with dimensions 1.78 mm × 140 µm. The QCL was mounted onto the cold finger of a continuous-flow cryostat fitted with a polyethylene window and operated at a heat sink temperature of 15 K. Radiation from the QCL was collimated using a 2 inch (50.8 mm) diameter off-axis parabolic reflector with a 4 inch (101.6 mm) focal length and focussed at normal incidence onto the target using a second identical mirror, resulting in an approximately circular beam spot at the focus with ∼200 µm 1/e 2 diameter. The total optical path between the THz QCL source and target was 568.2 mm through an ambient (unpurged) atmosphere.
Experimental Setup
The laser was driven by a current source at I dc = 0.43 A, slightly above the threshold (I th = 0.4 A), where the sensitivity to optical feedback is at a maximum [23, 24] . A 1 kHz modulating saw-tooth current signal (50 mA peak-to-peak amplitude) was superimposed on the dc current resulting in a linear frequency sweep of 600 MHz. Owing to optical feedback from the material under test, the self-mixing waveform containing information about the target is embedded in the voltage signal measured across the terminals of the QCL. This voltage was amplified by a differential amplifier with 40 times gain and subsequently measured using a 16-bit data PCbased data-acquisition (DAQ) card.
For image acquisition, targets were raster-scanned in two dimensions using a two-axis computer-controlled translation stage. The time domain traces were acquired at each node of a 101 × 101 square grid with spatial resolution of 200 µm (standard resolution), or on a 51 × 301 rectangular grid with spatial resolution of 50 µm (high resolution). As such, images acquired in the focal plane at standard resolution have minimal overlap of illuminated portions of the target between adjacent pixels, whereas high resolution images experience analogue smoothing due to non-negligible overlap. At each spatial pixel of the target, the voltage signal was recorded as the average of 128 time-domain traces. Therefore the complete set of experimental data contains 101 × 101 (or 51 × 301) time-domain waveforms, each corresponding to one spatial pixel on the target.
Sample Preparation
Two sets of experiments were performed using the common experimental setup, differing only in sample preparation and purpose. For the first set of experiments, designed to examine THz imaging of biological tissue with our scheme, two pieces of fresh tissue from the abdomen of a pig were placed in an internally threaded aluminium tube with a 1 inch (25.4 mm) internal diameter, pre-mounted with an adjustable acrylic backing plate [see Fig. 2(a) ]. A polymethylpentene (TPX) window 1 inch (25.4 mm) in diameter and ≈ 2 mm thick was placed in front of the tissue samples. A retaining ring was used to affix the tissue between the window and the backing, ensuring no air-gaps remained. The target was aligned perpendicular to the optical axis, and a triangular piece of aluminium film inserted between the TPX window and the tissue sample was used to aid positioning of the surface of the tissue sample at the THz beam focus.
One piece of tissue was placed with its cross-section facing the TPX window [above aluminium separator in Fig. 2(a) ]. From the top of this tissue cross-section down to the aluminium separator, the layers of tissue are muscle, fat, and skin. The second piece of tissue was placed en face [below aluminium separator in Fig. 2(a) ], so that only the surface of the skin was facing the TPX window. Both tissue samples were in excess of 5 mm thick, to effectively ensure no THz reflection from the backing plate [25] .
For the second set of experiments, designed to examine the penetration depth in tissue detectable by our scheme, four thin pieces of fresh porcine abdominal skin, were microtomed to thicknesses of 40, 60, 80, and 100 µm respectively. Each piece was carefully placed onto the TPX window. To characterise the penetration depth of the thin tissue samples, three strips of aluminium film were positioned on the rear surface of these samples, ensuring partial overlap with all four pieces of tissue. A layer of low-density polyethylene (LDPE) film was then placed over the aluminium-backed pieces of tissue, kept in place by an o-ring, which itself was secured by a backing plate [see Fig. 2(b) ]. This ensured that the samples retained their moisture whilst being maintained in position. The target was aligned perpendicular to the optical axis, and a strip of aluminium film mounted just behind TPX window, without obscuring the tissue, was again used to ensure that the THz beam was focussed to that imaging plane.
Results and Discussion
For both experiments, a two-dimensional array of time-domain waveforms was acquired, with one waveform associated with each pixel in the array. Experimentally-acquired signals were treated as described in [17] . The resulting interferometric waveforms are information rich, with morphological features such as signal amplitude, peak shape, and peak position containing information about the target. As such, there is no single way to reduce this array of waveforms into an array of numbers (thereby forming an image). For the two sets of experiments performed herein, we adopted two such waveform reductions corresponding to the most prominent characteristics of this self-mixing signal -its amplitude and relative peak position, which are closely related to the target reflectivity and the phase-shift on reflection. The first reduction is a trimmed-mean of the self-mixing signal -a measure of average signal strength with an equal proportion of high and low extremes excluded from the ensemble, and therefore containing predominantly amplitude information. The second is the temporal position of the peak in the self-mixing signal -a measure of the relative position of the interferometric peaks within the waveform, and therefore containing predominantly phase information. Figures 3(a) and (b) show these two THz images. Contrast between the different tissue types (from top to bottom: muscle; sub-dermal fat; and skin) in the cross-section part of the target (i.e. above the aluminium separator) is clearly visible in the amplitude-like image [ Fig. 3(a) ], as expected from [20, 21] . Moreover, in the en face part of the target (i.e. below the aluminium separator), clear features are present in both the amplitude-like and the phase-like images [ Figs. 3(a) and (b), respectively] that are not evident in the visible image, as can be seen by comparison with the photograph shown in Fig. 2(a)]. Figures 3(c) -(h) depict heat maps of exemplar selfmixing signals obtained from a high resolution scan of a vertical strip of the same target [region shown in the inset to Fig. 3(a) ; different markers correspond to different tissue types, and indicate the location from which these exemplar signals were taken]. It is clear from Figs. 3(c) -(h) that each waveform differs in one or more morphological aspects, not the least of which are the amplitude and/or phase. Examining each signature in turn from the skin surface, a characteristic signal morphology is observed for: c) epidermis; d) dermis; e) sub-dermal fascia and connective tissue; g) fat; and h) muscle. Figure 3 (i) plots the amplitude-phase reductions of the exemplar self-mixing signals from Fig. 3(c) -(h), with each tissue type retaining its marker. Note that different tissue types appear to form clusters in amplitude-phase space, suggesting future potential for discriminating between tissue types based on the information contained in the self-mixing signals.
As one would expect, self-mixing signals from the aluminium separator exhibit the highest level of feedback, as is indicated by the "sharp" peaks present in the waveforms. Moreover, the heat map representation suggests that there are a number of distinct phase-shifts on reflection present; this can be explained as a consequence of the wrinkled surface of the rolled section of aluminium film which forms the aluminium separator.
The features observed in the two THz images in Fig. 3 (a) and (b) have also been correlated with those observed by hematoxylin and eosin (H&E) stained visible microscopy of the same specimen after THz examination. Figure 4(a) shows the visual image of the sample, the lower part of the figure within the blue rectangular frame being the en face skin sample. Figure 4(c) shows the corresponding (amplitude-like) THz image of the same area. As can be seen, the visual image shows no observable structure within the selected area, while four features are distinctly observable in the THz image. To clarify the nature of these features, we have microtomed the sample, removing the top layer of the skin to the depth of approximately 60 µm, the resulting plane having no more the 5 degrees inclination with respect to the original surface of the skin. This en face surface is shown in the H&E stained microscopic image in Fig. 4(b) , allowing for the identification of the features observed in the THz image as: blood vessels (i & iv), arteriole and venule pair (iii), and sebaceous gland (ii). Geometric distortion due to the fixation and the sectioning process prevents us from seeing these structures as directly overlaying their THz image equivalents. Figure 5 (a) and (b) shows the amplitude-like and phase-like THz images, respectively, obtained from our second set of experiments designed to determine the detectable penetration depth within the samples. By comparison with the visible image shown in Fig. 2(b) , it can be seen that contrast between aluminium-backed skin and non-backed skin is clearly visible in all four pieces of skin and in both THz images. This demonstrates experimentally that our scheme is able to obtain signal from at least 100 µm deep in skin tissue in the reflection mode.
Conclusion
In this work, we demonstrated the feasibility of an interferometric biological imaging technique using a THz QCL operating at 2.59 THz with porcine tissue samples. We produced coherent THz images showing the scheme's capability to discriminate between different tissue types, namely muscle, sub-dermal fat, and skin. This is further supported by the clustering of signals observed for different these tissue types, with the inclusion of the epidermis, upper dermis and lower dermis. Moreover, features observed in THz images of an en face tissue sample, but not apparent in the optical image, were found to be correlated with sub-surface structures revealed in a histological stain. The resolution and penetration depth of this scheme were found to be suitable for detection of sub-surface features of skin tissues, to a penetration depth exceeding 100 µm.
